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Introduction
The gram-negative intracellular bacterial pathogen L. pneumophila is found ubiquitously in aquatic environments where it replicates within a wide range of protozoan hosts (2, 18) . Once inhaled by humans in aerosolized contaminated water, L. pneumophila replicates in human alveolar macrophages and causes Legionnaires' disease or a less severe flu-like symptoms designated Pontiac fever (19, 29) .
L. pneumophila is equipped with many sophisticated mechanisms that allow it to survive and replicate within the host cell by creating a specialized ER-like compartment known as the Legionellacontaining vacuole (LCV) (16, 23, 26, 42, 43) . Within the LCV, L. pneumophila utilizes its specialized Dot/Icm type IVB secretion machinery to export a cohort of >200 effectors into the host cell cytosol that are essential to modulate various cellular processes such as interception of ER-to-Golgi vesicle traffic, evasion of endocytic traffic, and triggering pro-and anti-apoptotic processes (1, 13, 15, 16, 27, 28, 32, 40, 45) . Likewise, L. pneumophila is able to translocate into the host cell cytosol specific Dot/Icm substrates before its internalization (12, 35) . The IcmS and IcmW chaperones facilitate translocation of few Dot/Icm effectors (7, 10, 12, 36) .
In silico analyses of 4 L. pneumophila genomes (Corby, Paris, Lens and Philadelphia-1) have revealed the presence of many eukaryotic-like genes, which have been suggested to be acquired through horizontal gene transfer (11, 14) . Among the genes encoding eukaryotic-like proteins in L. pneumophila is a family of at least 11 proteins containing ankyrin eukaryotic-like domains (Ank) (4, 11, 14, 22) . The ankyrin domain (ANK) is a 33-amino acid structural motif, and is the most common protein domain in the eukaryotic kingdom, where it functions as a scaffold to mediate protein-protein interactions that play essential roles in various eukaryotic cellular processes, ranging from regulation of transcription, signaling, cytoskeleton, and cell cycle regulation (3, in press, 5, 8, 34) . Therefore, it is predicted that the -8 -To generate the mammalian fusion constructs, ORF of L. pneumophila ankH and ankJ were cloned into the mammalian expression vectors pAcGFP (Sigma) or p3XFlag-CMV (Sigma) using primers displayed in table 3 to generate GFP or 3XFlag-AnkH or AnkJ fusion constructs.
Translocation assay
For adenylate cyclase (Cya) activity assays, differentiated U937 cells monolayers grown in 24- well plates were infected with various strains of L. pneumophila at MOI of 50 for 1h at 37°C. For cytochalasin D treatment assay, U937 cells were treated with 1µg/ml of cytochalasin D for 30 minutes. 
Macrophage culture and L. pneumophila intracellular replication analysis
Isolation and preparation of the human monocyte-derived macrophages (hMDMs) was carried out as we previously described (41) . The hMDMs and U937 cells were maintained in RPMI-1640 tissue culture medium (Gibco BRL) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco BRL). The cells were cultured under a humidified atmosphere containing 5% CO 2 and 95% air at 37°C.
For intracellular proliferation studies, infections of macrophages were performed as we described previously (22) . Briefly, cells were infected with various strains of at a multiplicity of infection (MOI) of 10 for 1 h followed by treatment with 50µg/ml gentamicin for 1 h to kill extracellular bacteria, and this was considered the zero time point. The intracellular proliferation was assessed by plating and on November 12, 2017 by guest http://iai.asm.org/ Downloaded from enumerating the colony-forming units (CFU) at 24h and 48h post-infection. Alternatively, the intracellular replication was examined after 10h post-infection by single cell analysis using laser scanning microscopy as previously described (22) .
Infection of A/J mice with L. pneumophila.
Female pathogen-free, 6-to 8-week-old A/J mice were used for infection by intratracheal inoculation as described previously (6, 20) . The L. pneumophila strain AA100, ankH and ankJ mutants were grown on BCYE agar plates for 72 h. Three mice per strain were used for intrapulmonary proliferation assay and 3 mice per dose were used for survival assay. The mice were inoculated intratracheally with 50 µl containing the bacterial dose of 10 6 for intrapulmonary proliferation assay and 10 7 , 10 8 ,8x10 8 or 10 9 for survival assay as described previously (6, 20) . At 2 h, 24 h, and 48 h, 72h and 7 days post-inoculation, mice were humanely euthanized, the lungs were removed, and the bacteria were cultured on BCYE agar for 72 h as described previously (6, 20) . For the survival assay, the mice were observed for 3 days postinoculation.
Expression of AnkH and AnkJ in mammalian cells
The human renal epithelial cell line HEK293 cells or HEK293T cells were grown on circular glass cover slips (Fisher) pretreated with 0.1mg/ml of poly-D-lysine in 24- 
Statistical analysis.
All experiments were performed in triplicate at least three times, and the data shown are representative of one experiment. To analyze for statistical significant differences between different sets of data, a two-tailed Student t test was used, and the P value was obtained. but not all Dot/Icm substrates harbor conserved hydrophobic residues in the C-terminus (30, 33, 35) .
Since AnkH and AnkJ bear hydrophobic residues at the positions -4 or -5 in the C-terminus (Fig. S1 ),
we tested whether the C-terminal region of AnkH and AnkJ proteins were required for their translocation. In-frame deletion of the last 10 residues of AnkH and AnkJ were constructed and fused to Cya ( Fig 
Role of the ANK domains of AnkH and AnkJ in intracellular growth of L. pneumophila
We have previously shown that AnkH and AnkJ are required for intracellular replication of L.
pneumophila (22) . The aforementioned role of ANK domains of AnkH and AnkJ in translocation of
AnkH and AnkJ proteins into host cytosol prompted us to examine their role in intracellular replication.
Therefore, we performed single, double or triple in-frame deletion of the ANK domains of AnkH and
AnkJ. The ankH and ankJ mutants were trans-complemented with the full length genes or the corresponding engineered ANK domain in-frame deletion constructs. The hMDMs were infected with L.
pneumophila WT strain, dotA, ankH or ankJ mutant and ankH and ankJ mutants trans-complemented with the various constructs. At 24 h post-infection, there was an increase in the number of bacteria in all strains ranging from 10-fold to 65-fold with an increase in number of bacteria for the WT strain and the ankH mutant harboring all different constructs compared to dotA and the ankH mutant (student t-test, p <0.001) (Fig. 4) . However, at 48h post-infection there was a significant reduction in the cfus of the ankH mutant trans-complemented with AnkH∆A1, AnkH∆A2 or AnkH∆A1∆A2 compared to mutant complemented with the full length gene with > 100-fold increase (student t-test, p <0.0001). As expected, the dotA and the ankH mutants did not grow in hMDMs (Fig. 4) . pneumophila recovered from mice infected with the ankH or the ankJ mutant were significantly lower than the WT strain (student t-test, p <0.001) with at least a 1000-fold and 100-fold less bacteria, respectively, were recovered from the lungs for both mutants (Fig. 5B) . The ankB attenuated mutant (39, in press), which was used as a control, was severely defective in intra-pulmonary replication. These data 
HEK293 cells (data not shown). Transient or stable expression of GFP-tagged or 3XFlag-tagged AnkH
and AnkJ were distributed in the cytoplasm with punctuate-like distribution but neither of the two effectors were detected in the nucleus (Fig. 6 ), suggesting that AnkH and AnkJ were associated with host cell vesicles. Nevertheless, these punctuate-like structures did not colocalize with L. pneumophila.
We utilized laser scanning confocal microscopy to determine trafficking and potential colocalization of the two effectors with endosomal, lysosomal, Golgi, ER, microfilament, microtubules, mitochondria, and nuclear compartments using specific markers Lamp2, cathepsin D, GM130 or P58-k, KDEL, actin, tubulin, mitochondrial protein, and nuclear dye (DAPI), respectively. The data showed on November 12, 2017 by guest http://iai.asm.org/ Downloaded from that there were no significant differences in association of the above markers with GFP-AnkH or GFPAnkJ fusion proteins compared to GFP negative control (13-20%) (student t-test, p >0.5), indicating that these proteins are not associated with endosomal, lysosomal, ER, or Golgi vesicles ( Fig. 7A and B) . We conclude that despite the punctuate distribution of the two Ank effectors in mammalian cells, they do not co-localize with any sub-cellular compartment.
L. pneumophila ankH and ankJ mutants are rescued in HEK 293 cells expressing AnkH and

AnkJ-GFP fusion proteins
Since L. pneumophila ankH and ankJ mutants exhibited intracellular growth defect and the (Fig. 8A and B). In contrast, the ankH and ankJ mutants did not replicate in HEK293 cells expressing GFP alone with >60% of the ankH and ankJ mutant-infected cells harbored ≤3 bacteria/cell ( Fig. 8A and B) . The (37, 44) . Moreover, Anaplasma phagocytophilum encodes an ankyrin protein (AnkA), which is translocated by the TFSS into the host cell cytosol and nucleus (21, 24, 25) . Given the rising number of translocated effector proteins by L. pneumophila into the host cell and its large spectrum of environmental hosts, it is possible that L. pneumophila selectively deploy a specific set of effectors that best promote its survival and proliferation within a specific host cell in the environment or in humans during infection.
The components of the Dot/Icm TFSS engage some of its effector proteins through a recognition of a translocation signal predicted to be at the C-terminus of Dot/Icm substrates (10, 35) . Our data show that deletion of the last 10 residues of AnkH and AnkJ abrogates their translocation, indicating that their translocation signal is located at C-terminus (4, 12, 35) . Remarkably, our data indicate that ankH and ankJ mutants exhibit a severe intrapulmonary replication defect resulting in less mortality compared to the WT strain. This is consistent with our previous ex vivo results in human macrophages and alveolar epithelial cells (22) on November 12, 2017 by guest
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